Fully integrated positron emission tomography (PET)/magnetic resonance imaging (MRI) scanners have been available for a few years. Since then, the number of scanner installations and published studies have been growing. While feasibility of integrated PET/MRI has been demonstrated for many clinical and preclinical imaging applications, now those applications where PET/MRI provides a clear benefit in comparison to the established reference standards need to be identified. The current data show that those particular applications demanding multiparametric imaging capabilities, high soft tissue contrast and/or lower radiation dose seem to benefit from this novel hybrid modality. Promising results have been obtained in whole-body cancer staging in non-small cell lung cancer and multiparametric tumor imaging. Furthermore, integrated PET/MRI appears to have added value in oncologic applications requiring high soft tissue contrast such as assessment of liver metastases of neuroendocrine tumors or prostate cancer imaging. Potential benefit of integrated PET/ MRI has also been demonstrated for cardiac (i.e., myocardial viability, cardiac sarcoidosis) and brain (i.e., glioma grading, Alzheimer's disease) imaging, where MRI is the predominant modality. The lower radiation dose compared to PET/computed tomography will be particularly valuable in the imaging of young patients with potentially curable diseases. However, further clinical studies and technical innovation on scanner hard-and software are needed. Also, agreements on adequate refunding of PET/MRI examinations need to be reached. Finally, the translation of new PET tracers from preclinical evaluation into clinical applications is expected to foster the entire field of hybrid PET imaging, including PET/MRI. B oth positron emission tomography (PET) and magnetic resonance imaging (MRI) are well-established imaging modalities that have been clinically available for more than 30 years. However, the combination of PET and computed tomography (CT) into PET/CT has heralded a new era of hybrid imaging driven by the rapid ascend of PET/CT and the decline of stand-alone PET. The integration of PET and CT into a hybrid system provided added value that exceeds the sum of its parts, in particular fast and accurate attenuation correction and the combination of anatomical and molecular information.
B
oth positron emission tomography (PET) and magnetic resonance imaging (MRI) are well-established imaging modalities that have been clinically available for more than 30 years. However, the combination of PET and computed tomography (CT) into PET/CT has heralded a new era of hybrid imaging driven by the rapid ascend of PET/CT and the decline of stand-alone PET. The integration of PET and CT into a hybrid system provided added value that exceeds the sum of its parts, in particular fast and accurate attenuation correction and the combination of anatomical and molecular information.
Inspired by the vast success of PET/CT, the combination of PET and MRI was an obvious goal. Therefore initial solutions comprised the software based co-registration and post-hoc fusion (1) of independently acquired PET and MRI data, as well as shared tabletop sequential PET and MRI acquisition (2, 3) . While the integration of PET and CT into a hybrid system was challenging but technically feasible, the integration of PET and MRI was considered extremely demanding, if not impossible. Two main technical challenges that had to be solved: in the first place development of a PET insert that is compatible to high magnetic field strengths normally used in MRI, and vice versa development of a magnetic resonance (MR) scanner that guarantees a stable and homogenous magnetic field in the presence of a PET insert. Conventional PET detectors consist of scintillation crystals and photomultipliers, and the latter, being very sensitive to magnetic fields, cannot be used in integrated PET/MRI systems. Hence, one approach was to replace photomultipliers by avalanche photodiodes (APDs), which are insensitive to even strong magnetic fields (4) . The scintillation crystals used in PET/MRI scanners are usually composed of lutetium ortho-oxysilicate, with the advantage of only minor disturbances of magnetic field homogeneity (Fig. 1) . Next generation PET/MRI scanners could be based on silicon photomultiplier PET detectors, which showed better performance characteristics than the APDs and, in contrast to these, are capable of time-of-flight imaging (5) . Secondly, the development of MR-based attenuation correction methods is necessary, as the commonly used method for attenuation correction in PET/CT systems, which is based on the absorption of X-rays, is not transferable to MRI. Hence, different methods for attenuation correction in PET/MRI systems have been proposed, one of which consists of segmentation of the attenuation map into four classes (background, lung tissue, fat, and soft tissue) (6) . In principle, the MR-based attenuation map is created with a two-point Dixon sequence (7) , providing water-only and fat-only images, which are combined and segmented to form an MR-based attenuation map. The method proved its technical feasibility with the limitation that in bone tissue and in its vicin-ity standardized uptake values (SUV) derived from PET/MRI systems might be erroneously underestimated when compared to SUVs derived from PET/ CT (8) . Therefore, SUVs derived from PET/MRI systems should be interpreted carefully until a larger experience with the new method of PET/MRI exists.
In 2010, the first fully integrated whole-body PET/MR hybrid imaging system based on APD technology and MR-based attenuation correction became commercially available (Biograph mMR, Siemens Healthcare, Erlangen, Germany) (9) . As of December 2013 more than 50 of these systems have been sold (>40 installed, 10 ordered) in Europe, North America, Asia, and Australia (10) .
Clinical applications
Due to its limited availability, technical issues (especially regarding attenuation correction), and the lack of clinical studies, as of today PET/MRI cannot be regarded as an established modality for clinical practice, but rather a promising technology, with clinical and scientific value yet to be defined. Therefore it is essential to identify those applications where PET/MRI provides a clear benefit in comparison to the established reference standards.
Many authors regard PET/CT as the reference standard that sets the benchmark for PET/MRI and thus investigation is to some extent focused on applications where MRI has significant advantages over CT. In this context, promising applications include liver, prostate, or head-and-neck imaging, which take advantage of the excellent soft tissue contrast provided by MRI. In addition to anatomical images, MRI provides functional and quantitative data like diffusion-weighted imaging (DWI), spectroscopy, blood oxygenation level-dependent imaging in functional MRI, T1/T2 mapping and dynamic contrast-enhanced imaging. Consequently, valuable applications of PET/MRI might emerge in the field of multiparametric and quantitative imaging (Fig. 2) . For example tumor characterization and response evaluation could benefit from multiparametric imaging as tumors are spatially heterogeneous and dynamically evolving entities that are often not sufficiently characterized by size-based assessment only. In future, multiparametric and quantitative imaging using PET/MRI might play an important role in the management of targeted tumor therapies. On the other hand, in cardiac imaging the benchmark is set by MRI (with the exception of coronary imaging) and thus investigation here is not focused on the question of where PET/ MRI is superior to PET/CT, but rather on where PET/MRI provides added value over stand-alone cardiac MRI.
In addition, PET/MRI offers some unique features like real parallel PET and MRI acquisition that enable certain imaging protocols like integrated functional MRI and dynamic PET after presentation of a stimulus or cardiac stress PET/MRI. In combination with the ionizing radiation-free nature of MRI, parallel acquisition also allows for the continuous acquisition of anatomical images that can be used for motion correction of PET data. Thus, the quality of PET images in applications like cardiac, lung, or bowel imaging can be increased while respiratory and/or electrocardiography-gating can be potentially omitted.
Without the CT component, PET/ MRI in comparison to PET/CT eliminates the exposure to X-rays, while higher sensitivity of the PET detection system will potentially allow for a reduction of injected tracer activity in many protocols. In combination, this will lead to a reduced exposure to ionizing radiation (11, 12) , which is of particular interest in the imaging of younger patients, in nonfatal disease, and in periodic follow-up examinations.
Oncology
Since the current main application of PET/CT is oncologic imaging, the majority of initial studies on PET/MRI focused on possible advantages in this field. The first reports on PET/MRI in oncologic imaging focused on the feasibility of whole-body PET/MRI for staging purposes in comparison to the clinical standard of PET/CT and found promising results (13) (14) (15) (16) ).
An initial study by Drzezga et al. (13) employing an 18 F-fluorodeoxyglucose (FDG) single-injection, dual-imaging protocol consisting of PET/CT and subsequent PET/MRI in 32 patients with different oncologic diseases demonstrated the feasibility of simultaneous PET/MRI in a clinical setting with high image quality and short examination time. Their findings were later confirmed by Quick et al. (14) who found simultaneous PET/MRI to be feasible in a clinical setting in 80 patients with various cancers and inflammatory conditions. While these first studies confirmed the mere feasibility, recently in a retrospective study on 134 patients with non-central nervous system primary malignancies, Catalano et al. (17) showed that PET/MRI provided additional information that was unavailable from PET/CT. In 24 of 134 patients (17.9%) the additional findings even lead to a change in clinical management.
While these first studies concentrated on the new technique in a whole-body approach, further research focused on the applicability in certain tumors and body regions. Given the high soft tissue contrast of MRI as an advantage over CT, PET/MRI is expected to provide more useful information than PET/CT in cancer staging. PET/MRI is expected to provide added value especially in the evaluation of the head and neck, liver, urogenital organs, and the skeleton, regions in which MRI plays a crucial role in the diagnostic process.
Because of its high diagnostic accuracy in the detection and staging of the primary lung tumor and distant metastases, FDG-PET/CT is currently accepted as the modality of choice for staging of non-small cell lung cancer (NSCLC) patients. When compared to FDG-PET/CT, MRI has been proven to provide some advantages in T-staging as well as N-staging performance (18, 19) . Hence, it can be expected that MRI in combination with PET may provide a new quality in functional cancer staging in NSCLC patients. Schwenzer et al. (20) recently demonstrated the feasibility of simultaneous PET/ MRI for the assessment of pulmonary lesions showing a similar lesion characterization and tumor stage compared to that of FDG-PET/CT. Furthermore, Kohan et al. (21) recently showed that FDG-PET/MRI is comparable to FDG-PET/CT for staging and quantitative assessment of mediastinal NSCLC lymph node metastases.
When proposing PET/MRI as an alternative to PET/CT for whole-body staging the question of its performance in the detection of lung metastases is mandatory, since MRI is known to be associated with low sensitivity for lung lesion detection. Accordingly, in a recent study from Chandarana et al. (22) on 32 patients undergoing PET/CT and PET/MRI, a high sensitivity of PET/MRI for FDG-avid lung lesions (95.6%), yet poor results for FDG-negative lesions was reported. However, for the evaluation of primary lung cancer, PET/MRI offers advantages over PET/CT due to its multiparametric nature allowing for the additional integration of DWI (23, 24) . In this setting, PET/MRI in oncologic imaging might not only serve as alternative to PET/CT, it can be used to cross-validate the existing modalities of PET and functional MRI (i.e., DWI).
Imaging of the head and neck region requires a high soft tissue contrast, making MRI the method of choice in this field. However, there is evidence that the additional metabolic information of FDG-PET improves the accuracy of MR examinations in tumors of the head and neck region (25) . Hence, PET/MRI appears to be notably valuable for imaging of tumors of the head and neck region ( PET/CT on 23 malignant tumors of the head and neck region. They found no statistically significant differences in the diagnostic performance between PET/CT and PET/MRI and recommended further investigations with a larger patient group.
To summarize, PET/MRI of the head and neck region has been shown to be feasible for clinical applications. However, the number of publications regarding this issue is small, warranting further research especially with larger patient groups to identify possible indications for PET/MRI in this field.
For the evaluation of liver metastases, studies on retrospective PET/MRI fusion have already shown promising results (30) . The high soft tissue contrast of MRI, as well as the information provided by DWI, enabled a higher detection rate and diagnostic confidence, when compared to PET/CT especially for metastases <1 cm in size. In accordance with these results, a study by Beiderwellen et al. (31) on 70 patients undergoing PET/ CT and simultaneously acquired PET/ MRI, showed higher lesion conspicuity, as well as diagnostic confidence, using PET/MRI. These results were confirmed by Reiner et al. (32) who reported on 55 patients with suspected liver metastases undergoing PET/CT and PET/MRI using a trimodality system. The authors found that PET/MRI had significantly higher diagnostic confidence in comparison to contrast-enhanced PET/CT. However, higher accuracy of PET/MRI could only be observed in lesions without elevated FDG uptake. Ga-DOTATOC in a patient with liver metastases originating from a neuroendocrine tumor (NET) of the pancreas. While PET is very specific and identifies liver metastases due to a NET-specific somatostatin-receptor overexpression (a, fusion; b, PET; arrows), its spatial resolution especially in an organ prone to respiratory motion is limited. T2-weighted MRI allows for correct identification of liver metastases <1 cm in size (c, dashed arrows). Since CT is less sensitive and less specific than MRI in liver metastases <1 cm in size, the combination of PET and MRI for the assessment of liver metastases appears to be a very powerful combination.
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In Ga-DOTATOC PET/MRI bears an equally high diagnostic potential (Fig. 4) 68 Ga-DOTATOC PET/MRI in eight patients with neuroendocrine tumors are encouraging in demonstrating higher lesion conspicuity as well as diagnostic confidence for PET/MRI.
Due to its high soft tissue contrast, MRI is the method of choice for the evaluation of pelvic malignancies and especially for the diagnosis and staging of prostate cancer (Fig. 5) . For the latter, multiparametric PET/MRI has been examined to a large extent with promising results (33) . PET imaging of primary and metastatic prostate cancer is usually performed with choline tracers like 11 C-choline or 18 F-choline and is controversially discussed in the literature, as it shows some limitations in diagnostic accuracy (34) . The feasibility of simultaneous PET/MRI in prostate cancer was recently demonstrated for both 11 C-choline and to the PET component and reported a comparable image quality of the PET images derived from PET/CT and PET/ MRI with identical numbers of PET positive lesions detected in PET/CT and PET/MRI. Regarding primary prostate cancer, PET/MRI allows for precise mapping of PET positive lesions and is therefore clearly advantageous over PET/CT, where an anatomical allocation is difficult due to the reduced tissue contrast of the prostate in CT. In particular, regions of benign prostatic hyperplasia, which can show a pronounced choline uptake, can be accurately identified with PET/MRI and distinguished from tumor-suspicious lesions (15) . Including the PET component in multiparametric MRI of the prostate by means of integrated PET/ MRI might therefore be a future option regarding primary prostate cancer detection and tumor staging. Therefore, development of new tracers for prostate cancer imaging is necessary and initial results are promising (37) .
In the assessment of bone metastases, PET/MRI might equally be a valuable alternative to PET/CT (Fig. 6) . Eiber et al. (38) reported on a comparative study on 119 patients undergoing PET/CT and subsequent PET/MRI and found superior results for PET/MRI in the anatomic delineation and allocation using a T1-weighted turbo spinecho sequence.
Literature regarding applications of PET/MRI in lymphoma and lymph node imaging is scarce to date (Fig. 7) . A pilot study conducted by Platzek et al. (39) dealing with response evaluation in malignant lymphoma demonstrated the feasibility of PET/MRI and found a good to excellent PET image quality derived from the PET/MR scanner with sequential acquisition of PET data and MR data. As a perspective, they stated a possibly significant re- 
Cardiovascular
Noninvasive cardiac MRI has evolved into the standard of reference in many aspects. Due to excellent soft tissue contrast, good spatial resolution, and contrast-enhanced imaging techniques, MRI is a clinically well-established tool for myocardial tissue classification. Cine-imaging techniques allow for the assessment of myocardial wall-motion at rest and under stress as well as the assessment of ventricular and valvular function. Myocardial rest and stress perfusion can be estimated with intravenous contrast-agents, and hemodynamics can be measured and visualized with two-and three-dimensional flow imaging.
Cardiac and respiratory motion, multidirectional blood flow, and involvement of small anatomical structures like heart valves make cardiac MRI a complex task requiring advanced image acquisition techniques, being potentially more sensitive to inhomogeneity of the magnetic field. However, a recent study and several case reports have proved the technical feasibility and good image quality of cardiac PET/ MRI with FDG on an integrated scanner (41) (42) (43) (44) .
Cardiac PET imaging with FDG is complicated by strong glucose uptake in normal myocardium that varies with the availability of blood glucose and free fatty acids. This requires special patient preparation techniques such as increasing the availability of blood glucose and shifting myocardial metabolism to glucose consumption, which results in a homogeneous FDG uptake in the normal myocardium as required in viability imaging. Other techniques increase the availability of free fatty acids and suppress FDG uptake in the normal myocardium as required in the imaging of cardiac inflammation or tumors.
While cardiac MRI utilizing late gadolinium-enhancement has been shown to accurately demonstrate myocardial necrosis and scarring, some authors regard PET match/mismatch imaging with FDG and a perfusion tracer like 13 N-Ammonia as the reference standard for myocardial viability (45) . (43, 46, 47) (Fig. 8) . However, there is some evidence that reduced FDG uptake might not only be present in myocardial necrosis or scarring, but also in jeopardized but viable myocardium after acute ischemia, and thus could correspond to the area-atrisk (43, 48) . If this can be confirmed by further studies, integrated FDG-PET and late gadolinium-enhancement would retrospectively allow for the assessment of the salvage-area after recanalization of acute myocardial infarction.
PET imaging with FDG is being increasingly recognized as a valuable tool in the assessment of various inflammatory diseases (49) , and a case report by White et al. (44) has already demonstrated the feasibility of PET/MRI in cardiac sarcoidosis. Cardiac MRI has shown to provide good diagnostic performance in acute myocarditis but is still unsatisfactory in the detection of chronic myocarditis (50) . Furthermore, T2-weighted images, which are particularly important for the differentiation between acute and chronic myocardial inflammation, are prone to artifacts and often do not yield a consistent image quality, especially in patients with arrhythmia and other motion artifacts (51, 52) . In contrast, with FDG-PET one can directly visualize the metabolic activity of inflammatory infiltrates and thus detect myocarditis in the acute and chronic state. Due to the quantitative nature of PET imaging, FDG-PET might also be useful to assess inflammatory myocardial disease activity for therapy response evaluation (53) . Besides myocarditis, detection and monitoring of cardiac sarcoidosis might emerge as an important application of PET/MRI. Cardiac involvement is a strong predictor of worse outcome in sarcoidosis, and early detection as well as close monitoring, including the differentiation between active and chronic cardiac sarcoidosis, might help in the management of this potentially fatal complication. Several case reports have demonstrated the potential of integrated FDG-PET/MRI in the imaging of cardiac sarcoidosis (44, 54, 55) .
Considering the impact of PET/CT in oncology, imaging of cardiac tumors is an obvious application of PET/MRI (Fig. 9) . As of today, no corresponding reports or studies have been published. However, a PET/CT study from Rahbar et al. (56) showed that FDG-PET/CT can help in determination of cardiac malignancy and metastases of malignant cardiac tumors. While cardiac MRI is already the noninvasive reference standard for differential diagnosis and local staging of cardiac tumors, an additional perspective on tumor metabolism could probably help in evaluation of tumor dignity and detection of occult tumor sites.
The imaging of vulnerable atherosclerotic plaques seems to be another promising application of PET/MRI. While Joshi et al. (57) have recently demonstrated the identification of ruptured and high-risk coronary atherosclerotic plaques using 18 F-fluoride PET/CT in a remarkable prospective trial, the feasibility of plaque imaging with integrated PET/MRI has already been shown by Ripa et al. (58) .
Central nervous system
For several reasons PET/MRI of the brain is unique: First, there are comparatively few sources of involuntary cranial motion (e.g., pulsation, tremor). Therefore, sequential scanning and fusion is feasible in many cases if patients cooperate, and fully integrated PET/ MRI is only needed in the simultaneous imaging of temporally coupled processes, like the regional consumption of oxygen and glucose in functional PET/ MRI studies. Furthermore, the high symmetry and extremely low deformability of the head facilitate post-hoc rigid motion correction and co-registration with software-based methods. The comparably small dimension of the head already allowed for integrated PET/MRI with PET inserts in standard MR scanners, when integrated wholebody devices were not yet available. The geometry of the head also enables homogenous magnetic fields in ultra-high field MRI, which can provide high quality MR data for fusion with PET. Finally, for well-known reasons MRI is superior to CT in many applications of central nervous system imaging, which makes PET/MRI a desirable alternative to PET/CT in the imaging of neurologic diseases. The parallel image acquisition in integrated PET/MRI can be exploited to track patient motion (e.g., in uncooperative patients or patients with tremor) with fast MRI sequences and use this information to remove motion from the simultaneously acquired PET images. The feasibility of this so-called MRI-assisted PET motion correction technique has been demonstrated by Catana et al. (59) , and meanwhile, it has become commercially available (Brain COMPASS, Siemens Healthcare).
MRI is the first-line method of choice in many applications of neuro-oncologic imaging. It allows for superb visualization of tumors and provides advanced techniques like DWI, dynamic contrast-enhanced imaging, functional MRI and MR spectroscopy. However, there are still limitations such as the correct classification of gliomas, the spread of glioma cells along white matter tracts and tumor response evaluation to therapy. PET could add a molecular perspective to visualize specific processes like the secretion of matrix-metalloproteinases by infiltrating glioma cells (60) or the turnover of radiolabeled aminoacids in vital tumor cells (61) . A study by Boss et al. (62) in ten patients with intracranial masses demonstrated that tumor assessment with 11 C-methionine and 68 Ga-DOTATOC using PET/ MRI was feasible with diagnostic image quality compared to PET/CT. The feasibility of integrated PET/MRI, including advanced techniques such as arterial spin labeling and MR spectroscopy, was demonstrated in another study in 50 patients with intracranial masses, head and upper neck tumors, or neurodegenerative diseases (63) . These results encourage the translation of existing preclinical findings into the clinical routine, such as the forecast of glioblastoma therapy response in rats using PET and MRI (64) . A study by Bisdas et al. (65) demonstrated the feasibility of simultaneous 11 C-methionine PET and MR spectroscopy for purposes of tumor grading in 28 consecutive patients with gliomas. This study found that, although partially correlated, 11 C-methionine PET and MR spectroscopy show spatial distribution differences that should be taken into account when planning surgical sampling.
In a study applying different imaging modalities in patients with dementia, the combination of FDG-PET and MRI was superior to the unimodal approach with an accuracy rate of 94% for the differentiation of Alzheimer's disease and frontotemporal lobar degeneration (66) . Also, a case report showing colocalized atrophy and hypometabolism in the frontal lobe demonstrated the feasibility of integrated PET/MRI in a patient with frontotemporal dementia (67) . In near future, amyloid and tau tangle specific tracers are expected to further improve the diagnosis of Alzheimer's disease using integrated PET/MRI (68).
Salamon et al. (69) recently demonstrated that the incorporation of coregistered FDG-PET and MRI images into presurgical evaluation improved the noninvasive identification and successful surgical treatment of patients with cortical dysplasia.
Pediatric
As already mentioned, integrated PET/MRI holds great potential in the imaging of pediatric patients and young adults with potentially curable disease. Jones and Budinger (12) even proposed that the combination of ionizing radiation-free MRI with short-lived PET nuclides such as 15 O or 11 C could allow for integrated PET/ MRI at acceptable absorbed doses of radiation, creating a potential for the imaging of the human fetus in vivo. Hirsch et al. (11) reported their initial experience after 21 PET/MRI studies in 15 children with multifocal malignant diseases. They found the effective dose of a PET/MRI scan to be only about 20% of the equivalent PET/CT scan. Although they reported a significantly longer examination time compared to PET/CT, they concluded that PET/ MRI was stable, reliable, and generated great additional value. A retrospective study by Mueller et al. (70) compared 21 separately acquired FDG-PET and MRI scans in 15 pediatric patients with histiocytosis. They found combined PET and MRI to be pivotal due to a decreased false-negative rate during primary staging and a lower number of false-positive findings in lesion follow-up after chemotherapy.
Conclusion
With the commercial availability of integrated whole-body PET/MRI scanners, true simultaneous PET and MRI has become the objective of worldwide scientific research. Various studies have demonstrated the feasibility of simultaneous PET/MRI in many applications, from examinations of the brain to hybrid cardiac imaging. Other studies have found added value of integrated PET/MRI compared to PET/ CT or stand-alone MRI, such as MRbased motion correction of PET data, lower radiation exposure, and multiparametric assessment of pathologies. However, there are problems like inaccurate attenuation correction due to missing bone segmentation and longer examination times that require further technical improvements. Although research on integrated PET/MRI is still in its infancy, especially those applications that demand either multiparametric imaging capabilities, high soft tissue contrast, and/or lower radiation dose already seem to benefit from this novel hybrid modality.
From the present point of view, future development of PET/MRI will be driven by multiple important factors: Further clinical studies will have to prove an added value of PET/MRI over the current standards of care to justify the investments in this expensive technology. Concise PET/MR imaging protocols and workflows need to be developed, that preserve the added value of PET/MRI on the evidence of reasonable cost-benefit ratios. Ongoing technical innovation on scanner hard-and software is needed to eliminate current issues like attenuation correction, and fully exploit new opportunities like MR-based motion correction. Also, the worldwide availability of PET/MRI scanners needs to grow significantly to become a common standard of care outside the highly specialized centers, and agreements on adequate refunding of PET/MRI examinations need to be reached. Finally, the translation of new PET tracers from preclinical evaluation into clinical applications will notably foster the entire field of hybrid PET imaging, including PET/MRI.
